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ISG RAPHICAL ABSTRACT 


Hierarchical porous TiO2/carbon hybrid microspheres have been synthesized, using in situ formed polystyrene colloids as templating agent and carbon 
source under solvothermal reaction. 
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ARTICLE INFO ABSTRACT 


A new strategy to synthesize hierarchical, porous titania/carbon (TiO2/C) hybrid microspheres via 
solvothermal reaction in N,N’-dimethy] formamide (DMF) has been developed. In situ formed polystyrene 
(PS) colloids have been used as templating agent and carbon source, through which TiO2/PS microspheres 
with a diameter of ca. 1 um are built by packed TiO} nanoparticles of tens of nanometers. The Ti02/PS 
microspheres are converted to TiO2/C microspheres with different amounts of carbon under controlled 
calcination condition. The mechanism investigation unveils that the introduction of concentrated HCl 
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Microsphere solvothermal treatment further promotes the formation of PS colloids and integration of the titania 
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nanoparticles within the PS colloids. The morphology, crystallinity, nature and content of carbon, UV-Vis 
absorption, carbon doping, pore size distribution, pore volume, and BET surface area of the TiO micro- 
spheres with different amounts of carbon have been measured. The applications of the TiO2/C hybrid 
microspheres as photo catalyst for water splitting and lithium-ion battery anode have been demon- 
strated. Superior photo catalytic activity for hydrogen conversion under both full spectrum and visible 
light illumination compared to commercial P25 has been observed for the TiO2/C microspheres with 
2 wt% of carbon. Besides, the TiO2/C microspheres with 8 wt% of carbon as lithium-ion battery anode 
showed a much higher capacity than the bare TiO microsphere anode. The origin for the enhanced per- 
formance as photo catalyst and lithium-ion battery anode is discussed. 


1. Introduction 


TiO2 has broad applications in coating, dye-sensitized solar 
cells, photocatalysis, lithium ion batteries, and sensors due to its 
abundance, low toxicity, and unique electrochemical properties 
[1-7]. Crystallinity, morphology and surface coating of TiO play 
important roles in the performance of the devices [8-14]. Recently 
hierarchical architectures composed of both nano-sized primary 
structures and micrometer scale secondary aggregates attracted 
considerable attention. While the nanostructures offer high speci- 
fic surface area, short charge carrier transportation routes and high 
electrochemical reactivity; the micrometer-scale aggregates pro- 
vide high tap density and good bulk structure stability [15-17]. 
In addition to a control of the morphology, compositing TiO with 
carbon is an effective strategy to modify the absorption wave- 
length, optimize fundamental electrochemical process, and 
improve intrinsic electron conductivity of TiO, [18-24]. Combining 
these two strategies is essential to achieve good overall perfor- 
mance in photocatalysis and lithium-ion batteries. 

Numerous strategies have been developed to synthesize hierar- 
chical TiO microspheres including hard/soft template, emulsifica- 
tion, and template free reaction [15,25-40]. Solid polymer beads 
such as polystyrene (PS) or poly (methyl methacrylate) (PMMA) 
have been extensively used as templates to synthesize porous 
TiO2 [15,25,30,32,40-42]. However, severe drawbacks remain with 
this strategy. First, synthesis of well-defined polymer beads is 
required, which significantly limits the feasibility of this strategy. 
Second, a two-phase reaction feature dominates when PS and 
PMMA solids are used as scaffolds to soak the precursor of TiO 
[43]. It makes it very difficult to control the interaction between 
the liquid TiO, sol-gel precursor solution and solid plastic matrix. 
Regarding the emulsification method, the synthesized TiO micro- 
spheres are mainly decorated with small molecule surfactant, 
which can hardly be converted to surface carbon coating 
{15,28,29,31,37]. Besides small surfactants, amphiphilic block 
copolymers or hydrophilic polymers are also used as templating 
agents [26,44-49]. However, due to the aliphatic nature of the 
polymer chains, the content of carbon formed after calcination is 
rather limited, leading to insufficient carbon coating. Furthermore, 
some of the amphiphilic block copolymers are quite expensive and 
therefore inconvenient to access. The template free reaction is also 
reported to generate TiO} microspheres under certain conditions, 
but template free implies that the synthesized TiO2 microspheres 
lack carbon coating [15,35,50]. 

Here, we report a new approach to synthesize hierarchical, por- 
ous TiO, microspheres with controlled carbon content. In situ 
formed PS colloids are used as both, templating agent and carbon 
source. As shown in Scheme 1, PS is first dissolved in N,N’- 
dimethyl formamide (DMEF), followed by addition of concentrated 
HCl. PS colloids are formed in solution due to the interfacial tension 
introduced by the concentrated HCl. By using titanium tetraiso- 
propoxide (TTIP) as precursor and further solvothermal treatment, 


TiO2/PS hybrid microspheres are synthesized. Via calcination in 
argon, TiO2/C hybrid microspheres are synthesized. Furthermore, 
by treating the TiO2/C microspheres with consecutive heat in air 
at moderate temperature (300°C) for different time range (0.5- 
1.5 h), the contents of carbon within the TiO» microspheres are sys- 
tematically tuned. 

By comparing our strategy with the previously reported strate- 
gies based on the PS templates, one significant difference remains. 
With our strategy, it is the in situ formed PS colloids rather than the 
simple solid PS matrix acting as the template. This particular fea- 
ture circumvents the typical two-phase reaction process associated 
with the solid PS templates. It offers delicate control over morphol- 
ogy and significant expansion of the templating capability of PS. 
Besides, with our strategy no preliminary synthesis of well- 
defined polymer beads is required. Despite of the above advan- 
tages, to our best knowledge, the dissolved PS has been rarely used 
as templating agent for the synthesis of nanostructured metal oxi- 
des compared to the intensively utilized hydrophilic polymer tem- 
plates. The reason may lie in the fact that it is intuitively assumed 
that the hydrophobic chemically inert PS does not possess strong 
interactions with hydrophilic reactive metal oxide precursors. 
The dissolved PS is regarded as unlikely to exercise as a good tem- 
plating agent [25,51]. 


2. Experiment 


All chemicals and materials addressed in this work were used as 
received without further purification. DMF of analytical grade and 
concentrated HCl (37%) were received from Sinopharm Group Co., 
Ltd. Titanium tetraisopropoxide (TTIP, 97%) was purchased from 
Alfa Aesar. Si (100) wafers (Shanghai JunHe Electronic Materials 
Co., Ltd.) were used as substrates for spin coating the PS solutions 
after solvothermal treatment. Polystyrene from Sigma Aldrich was 
used (average molecular weight My of 192,000). TiO2 nanoparticles 
(P25) were purchased from Evonik Industries AG. Amphiphilic 
block copolymer of polystyrene-block-poly (ethylene oxide) (PS- 
b-PEO) was synthesized in house via a sequential anionic polymer- 
ization. The number average molecular weight was 6.2 kg/mol for 
PS and 18.6 kg/mol for PEO with a polydispersity of 1.04. 

Typical sample preparation procedure was as following. 0-1.6 g 
PS was dissolved in 10 g of DMF under continuous stirring. There- 
after, concentrated HCl (from 0g to 0.8 g) and TTIP (from 0g to 
0.8 g) were added and the solution was stirred further for around 
10 min. In the case PS-b-PEO was used as a co-templating agent, 
from 0g to 1 g of PS-b-PEO was added. The solution was trans- 
ferred to a Teflon-lined stainless steel autoclave and heated at 
110°C for 4h with a ramp rate of 5 K/min starting from room tem- 
perature. After the solvothermal treatment was finished, the auto- 
clave was cooled down to room temperature in muffle furnace. The 
white precipitates formed were centrifuged and washed with etha- 
nol for three times. Then the precipitates were dried at 80°C in 
vacuum for 24 h. 
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Scheme 1. Solvothermal synthesis of hierarchical TiO2 microspheres templated by in situ formed polystyrene colloids. 


The calcination in air was conducted in muffle furnace at 500 °C 
for 3h with a ramp rate of 5 K/min from room temperature, fol- 
lowed by natural cooling to room temperature in the furnace. Cal- 
cination in argon was carried out in a tube furnace using the same 
protocol. To partially remove carbon coating, the TiO2/carbon 
hybrids were further heated in air in muffle furnace at 300 °C for 
0.5 h and 1.5 h respectively. 

Field emission scanning electron microscopy (FESEM) images 
were obtained in a Hitachi S4800 scanning electron microscope 
(Tokyo, Japan) at an accelerating voltage of 4 kV. The sample pow- 
der was put on a conductive tape and sputtered with gold before 
imaging. 

Transmission electron microscopy (TEM) experiment of the 
one-step calcination samples were conducted by putting a drop 
of aqueous suspension containing TiOz on a carbon-supported cop- 

per grid and measured with an FEI Tecnai F20 TEM (Oregon, USA) 
with a 200 kV field emission gun. The as-prepared and tandem cal- 
cination samples were further examined by a TEM (2100F, JEOL, 
Japan) operated at 200 kV using the identical sample preparation 
protocol. 

The crystallographic phases of the powders were characterized 
by X-ray diffraction (XRD) (Bruker AXS D8 Advance, 4= 1.541 A, 
2.2 kW) with 20 ranged from 5° to 90°. The content of the carbon 
coated on the TiO, surface was determined by thermo gravimetric 
analyzer (TGA, Mettler Toledo, Switzerland) with the temperature 
range between 50 °C and 800 °C at a ramp rate of 20 K/min. X-ray 
photoelectron spectroscopy (XPS) measurement was carried out 

{ with an ESCALAB 250Xi spectrometer, using focused mono chrom- 
atized Al Ko radiation (hv = 1486.6 eV) at room temperature. Nitro- 
gen adsorption-desorption isotherms were measured with an 
ASAP 2020 M apparatus at 77.3 K. In a general procedure, the dry 
sample (ca. 200 mg) was loaded into the glass analysis tube. Then 
the glass tube was fixed to the degas port. The heating and evacu- 
ation procedure includes two stages. The temperature was firstly 
increased to 90°C with a ramp rate of 10 K/min and then held 
for 30 min. Thereafter, the temperature was increased to 200 °C 
and held for 8 h until the outgas rate was less than 5 um Hg. The 
sample was then backfilled with Nz before transferred to the anal- 
ysis port. Nə adsorption-desorption isotherm was measured at 
77.3 K and the range of relative pressures was set between 0 and 
1.0. The BET surface area was calculated over the range of relative 
pressures between 0.05 and 0.20. Raman spectroscopy was 
recorded with Renishaw (inVia-reflex). 

The UV-Vis Measurements were carried out using Lambda 950. 
The Sample preparation was as following. BaSO, was used as sub- 
strate by putting certain amount of BaSO, at the bottom of sample 
vial and pressing it into plates. Thereafter, around 50 mg of the 
samples were put on the surface of BaSO, and pressed into plate 
as well. 

The photoluminescence experiment was carried out on Perkin 
Elmer LS55 Fluorescence Spectrometer using a 350 nm laser as 
the excitation source and an emission range of between 400 nm 
and 750 nm. Each data point is averaged based on five scans. Iden- 
tical amount of samples were used to measure the intensity of the 
photoluminescence. 


The tap densities of the TiO, powder and TiO2/C hybrids were 
measured according to GB/T 5162-2006. Similar amount of TiO, 
and TiO2/C powders were put in two graduates of 1 ml separately. 
The graduates were vibrated manually for more than 3000 times 
until no volume change was observed by naked eyes. The final vol- 
ume was measured and the corresponding densities of the pow- 
ders were calculated. 

Small-angle X-ray scattering (SAXS) measurements were per- 
formed on a Ganesha 300XL SAXS-WAXS system (SAXS LAB ApS, 
Copenhagen/Denmark). The X-ray radiation was produced at 
50 kV/0.6 mA from a Cu anode with a wavelength 2= 0.154 nm. 
The sample-to-detector distance was 406 mm. The sample powder 
was put into a glass capillary which functioned as a holder and 
allowed X-ray transmission (SAXS) experiments. The 2D SAXS data 
were radially averaged and presented in logarithmic scattering 
intensity versus the magnitude of the scattering vector, 
q=4r x sin(@)/X, where 2@ is the scattering angle. The SAXS data 
were fitted using SASfit software. 

Photo catalytic activity measurements were carried out accord- 
ing to the following procedure. 50 mg of TiO2 or TiO2/C powders 
were placed under dark condition and dispersed into an aqueous 
methanol solution (120 ml, 25 vol.%) in a closed gas circulation sys- 
tem (Perfect Light Company Labsolar-III (AG)). The UV-Vis light 
irradiations were obtained from a 300 W Xe lamp (Perfect Light 
Company Solaredge 700) without and with a UVCUT-420 nm filter 
(CE Aulight Inc.). The evolved gases were detected in situ by using 
an online gas chromatograph (GC-2014C, Shimadzu) equipped 
with a thermal conductivity detector (TCD). 

Electrochemical performance of the TiO2/C powders as lithium 
ion battery anodes was measured as following. 2032-type coin 
cells were employed to evaluate the electrochemical performance 
of the TiO and TiO2/C anodes. A slurry mixture was prepared by 
dispersing active material, Super P and poly (vinylidene fluoride) 
(PVDF) (mass ratio: 8:1:1) in N-methyl Pyrrolidone. The electrodes 
were prepared by spreading the slurry mixture on a piece of copper 
foil, followed by drying at 80°C overnight. The copper foil was 
pressed, cut into appropriate dimension, and dried in over at 
80°C further for 4h. Lithium foil was used as the counter elec- 
trode. Electrolyte from Shanshan Tech Co., Ltd was used; where 
1.0M LiPF, was dissolved in a mixture of ethylene carbonate 
(EC) and diethyl carbonate (DMC) (1:2 v/v). The rate performance 
was measured at the current density sequence of 0.1 C, 0.2C, 
0.5C, 1.0C, 2.0C, 5.0C, and 0.1 C in the voltage range between 
3.0V and 0.005 V (vs. Li/Li*) (five cycles each current density, 
1 C= 335 mAh/g). The cyclic measurement was carried out at a 
current density of 0.2 C in the voltage range of 3.0- 0.005 V (vs. 
Li/Li*) for 50 rounds. The specific capacity was calculated on the 
basis of only the active material. The lithiation process was defined 
as discharging and delithiation process was defined as charging. 

Cyclic voltammetry (CV) test was performed on CHI 1040B 
potentiostat/galvanostat analyzer (Shanghai Chenhua instrument 
Co., Ltd) at a scanning rate of 0.1 mV/s from 0.005 V to 3 V. 

Electrochemical impedance spectroscopy (EIS) measurement 
was conducted on an Autolab modular electrochemical system 
(Autolab PGSTAT302N) over a frequency range of 100kHz to 
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0.01 Hz after the lithium-ion battery devices were cycled for three 
rounds at 0.2 C (1 C= 335 mA/g). 


3. Results and discussion 


The concentration of PS is critical for the formation of TiO, 
microspheres (Fig. 1). With the PS mass concentration of 0 wt% 
and 4 wt%, only TiO nanoparticles with the average size below 
100 nm are obtained (Fig. 1a and b). However, with the PS mass 
concentration increased to 8 wt%, TiO2 microspheres with the aver- 
age size of ca 1 um are generated (Fig. 1c). High magnification SEM 
image shows that the TiO microspheres are actually formed by the 
close-packing of TiO% nanoparticles with the size of tens of 
nanometers (inset of Fig. 1c). With the PS mass concentration fur- 
ther increased to 16 wt%, TiO2 microspheres still exist and the 
average size does not change significantly (Fig. 1d). It seems that 
the surface of the microspheres is smoother and the nanoparticles 
are better packed than the microspheres in Fig. 1c, implying a bet- 
ter templating effect with increased PS concentration. The increas- 
ing PS amount introduces more interfacial tension between the 
dissolved PS and solvent. As a result, a phase transition occurs 
and PS colloids are formed in solution to reduce the interfacial ten- 
sion. The formed PS colloids act as template for the integration of 
titania nanoparticles under solvothermal treatment. As a result, 
TiO2/PS hybrid microspheres are formed, which are converted to 
TiO microspheres via calcination in air. 

The role of concentrated HCl on the formation of TiO2 micro- 
spheres is further studied. Fig. 2a shows that without HCI, TiO 
nanoparticles instead of microspheres are formed. However, when 
the HCI concentration is increased to 2 wt% or 4 wt%, micrometer 
sized TiO, spheres are formed (Fig. 2b and c). When further 
increasing the HCl concentration to 8 wt%, the microspheres disap- 
pear and TiO, nanoparticles are observed again (Fig. 2d). The 
results show that the TiO2/PS microspheres are only formed within 
limited concentration range of the concentrated HCI. In case of 
insufficient amount of HCl, the interfacial tension between the dis- 
solved PS and solvent is not large enough to induce the formation 
of PS colloids. As a result, only nanoparticles from the sol-gel reac- 


tion of TTIP are obtained. In case of too high amount of HCI, the 
originally dissolved PS likely precipitates from the solution and 
still only TiO nanoparticles are formed, due to high surface tension 
between PS and solvent. Therefore, stable PS colloids only exist 
within a certain concentration range of the concentrated HCl. 

To better understand the morphology change of pure PS in solu- 
tion with increasing HCl concentration, we spin coat the stock 
solutions before and after solvothermal treatment on Si substrate. 
Regarding the samples before calcination, only very few particles 
are observed without concentrated HCI (Fig. 3a). Nevertheless, 
with 2 wt% and 4 wt.% of concentrated HCI, particles are formed, 
which are supposed to be PS (Fig. 3b and c). With the HCl concen- 
tration further increased to 8 wt%, particles are still visible, but 
lamellae like structures appear (Fig. 3d), implying a morphology 
transition from particles to large sized lamellae in solution due 
to increased surface tension. The results prove that the pure PS 
does really form colloids in solution with certain amount of con- 
centrated HCl. The morphologies of PS after solvothermal treat- 
ment are shown in Fig. S1, where a similar trend of morphology 
evolution against the mass concentration of the concentrated HCl 
is observed. Furthermore, it can be seen that with solvothermal 
treatment the sizes of the PS particles are increased to a scale com- 
parable to the TiO2/PS microspheres. The results indicate that the 
solvothermal treatment promotes the growth of the preliminary 
formed PS colloids. 

The impact of solvothermal treatment on the TiO microspheres 
is investigated by applying different solvothermal reaction time 
(from 0 to 8 h). Without solvothermal treatment, bulk lamellae like 
structures are formed. Only few particles are observed (Fig. 4a). 
With the solvothermal treatment of 2 h, TiO microspheres are 
dominantly formed (Fig. 4b). Extending the solvothermal reaction 
time to 4h and 8h, TiO, microspheres were still observed and 
the morphologies did not change significantly (Fig. 4c and d). The 
results show that the solvothermal treatment is critical for the for- 
mation of the TiO2/PS microspheres. It promotes the integration of 
TiO nanoparticles into the PS colloids. The integration of TiO 
nanoparticles conversely stabilizes the PS colloids because perma- 
nent continuous Ti-O network within the PS colloids is formed as 
the sol-gel reaction proceeds. 


Fig. 1. SEM images of TiO, templated by different mass concentrations of PS: 0 wt% (a), 4 wt% (b), 8 wt% (c), and 16 wt% (d) with 2 wt% of concentrated HCI and 8 wt% of TTIP 
with respect to the mass of DMF. Insets: structure details of the TiO, microspheres. Scale bars in image a, b: 200 nm, scale bars in image c, d: 3 um. 


Fig. 2. SEM images of TiO} synthesized with different amounts of concentrated HCI: 0 wt% (a), 2 wt% (b), 4 wt% (c), and 8 wt% (d). In addition, 10 wt% of PS and 8 wt% of TTIP 
with respect to the mass of DMF were present. Scale bars in image a, d: 200 nm, scale bars in image b, c: 3 jum. 


Fig. 3. SEM images of pure PS (before solvothermal treatment) spin coated on Si substrate with different mass concentrations of concentrated HCI: 0 wt% (a), 2 wt% (b), 4 wt% 
(c), and 8 wt% (d) and 10 wt% of PS with respect to the mass of DMF. Scale bars in image a-d: 3 um. 


To further support the interpretation, an amphiphilic diblock 
copolymer of polystyrene-block-poly (ethylene oxide) (PS-b-PEO) 
was used as a co-templating agent of PS. Fig. 5 shows that with 
the PS-b-PEO mass concentration of 0 wt% and 0.3 wt%, the surface 
of some TiO, microspheres are quite rough, where titania nanopar- 
ticles are loosely packed (Fig. 5a and b). Nevertheless, when 
increasing the PS-b-PEO mass concentration to 0.4wt% and 
0.8 wt%, the titania nanoparticles are packed tightly and the sur- 
face of the microspheres become quite smooth. Additionally, it is 
found that when only PS-b-PEO is used, TiO} nanoparticles instead 


of microspheres are formed (Fig. S2). The results confirm the 


synergistic effect of PS and PS-b-PEO on the morphology control 
of the TiO, microspheres. PS-b-PEO enhances the formation of 
TiO2/PS hybrid spheres in the following ways. First, the PEO block 
of PS-b-PEO is an excellent absorber for the titania nanoparticles 
even under ambient conditions [14]. Second, PS-b-PEO can be 
homogeneously dispersed in the PS homopolymer matrix via a 
swelling process [52]. Third, under solvothermal treatment, the 
PS block of PS-b-PEO also adsorbs titania nanoparticles as the 
homopolymer PS does. 

The impact of calcination treatment on the morphology, crys- 
tallinity, and carbon content of the TiO} microspheres has been 


Fig. 4. SEM images of TiO, synthesized with different solvothermal reaction time: 0 h (a), 2 h (b), 4 h (c), and 8 h (d) at 110 °C with 2 wt% of conc. HCl, 10 wt% of PS and 8 wt% 


of TTIP with respect to the mass of DMF. Scale bars in image a-d: 3 um. 


Fig. 5. SEM images of TiO2 microspheres co-templated by 10 wt% of PS and different mass concentrations of PS-b-PEO: 0 wt% (a), 0.3 wt% (b), 0.4 wt% (c), and 0.8 wt% (d) with 
2 wt% of conc. HCI and 8 wt% of TTIP with respect to DMF. Scale bars in image a-d: 300 nm. 


systematically investigated 6 shows that the shape of the 
microspheres is still retained after calcination, indicating good 
structure stability of the microspheres. After calcination in argon 
for 3h at 500°C, the average diameter of the microspheres 
decreases from 1.2um+01um to ca. 0.93+0.09 um 
(Fig. 6a and b). The size reduction originates from the simultaneous 
carbonization of PS and sintering of the titania species. By further 
treating the TiO2/C microspheres with heating in air at 300 °C for 
0.5 h and 1.5 h, the averages diameters of the TiO2/C microspheres 
are slightly increased to around 1.1 um (Fig. € 


6c and d). The micro- 
spheres expand when the carbon inside the microspheres is 


converted to gas during calcination in air. With calcination in air 
at 500°C for 3h, the average size significantly decreases to 
0.77 + 0.03 um (Fig. 6e). The complete removal of PS is accompa- 
nied with the sintering of the titania species, leading to a shrinking. 
Finally, the tap densities of the bare TiO, (only calcination in air) 
and TiO2/C microspheres (only calcination in argon) are 1.32 g/ 
cm? and 0.87 g/cm? respectively, which are quite high compared 
to normal nanostructured TiO» [53]. 

The TEM results reveal morphology details and local crystalliza- 
tion of the TiO2/PS and TiO2/C microspheres (Fig. 7). Local crystal- 
lization is hardly observed by high resolution TEM (HRTEM) in the 
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3 um 


seem Fig. 6. SEM images of the as-prepared TiO2/PS microspheres (a), and TiO2/C hybrid microspheres. Sample details: (b) calcination in argon for 3 h at 500°C, (c) tandem 
calcination in argon for 3 h at 500 °C and in air for 0.5 h at 300 °C, (d) tandem calcination in argon for 3 h at 500 °C and in air for 1.5 h at 300 °C, and (e) calcination in air for 3 h 


a 


at 500 °C. Scale bars in image a-c: 3 um. 


TiO2/PS microspheres. But the selected area diffraction (SAED) pat- 
tern shows that TiO, of anatase exists (Fig. 7a and b) It suggests a 
very poor crystallization of TiO within the TiO2/PS microspheres. 
After calcination, voids were observed in the TEM images 
(Fig. 7c, e, g, and i). Crystal plane of (101) of anatase is observed 
by the HRTEM images and ring-like scattering features are exhib- 
ited in the SAED patterns, indicating the formation of polycrys- 
talline TiO, (Fig. 7d, f, h, and j). Besides the typical (101) crystal 
plane, the high reactive (001) crystal plane is also observed by 
the HRTEM images (Fig. S3) [54,55]. During solvothermal reaction, 
small amount of amine is in situ formed via the slight decomposi- 
tion of DMF. The amine acts as capping agent to stabilize the (001) 
facet through intermolecular interactions. As a result, the (001) 
facet is retained after solvothermal reaction [56,57]. 

No clear peaks are observed in the XRD data of the TiO2/PS 
microspheres (Fig. 8). The results indicate that the solvothermal 
treatment only promotes the formation of TiO} microspheres, 
while it does not contribute to the crystallization of TiO. It also 
indicates that crystallization only happens in small local area of 
the TiO2/PS microspheres as observed by the SAED (Fig. 7b). After 
calcination in argon, characteristic scattering peaks are observed, 
which indicates that the amorphous TiO is converted to anatase. 
The average size of the nanocrystals is calculated to be ca. 8nm 
according to the Debye-Scherrer equation based on the (101) peak. 
With consecutive heating in air at 300 °C for 0.5 h, the width of the 


(101) peak is significantly narrowed with the average crystal size 
increased to 12 nm. When the heating time is further extended to 
1.5 h, the crystal size does not change significantly. The scattering 
signal of the (001) crystalline plane is cancelled according to the 
X-ray extinction rule of the body centered feature of the TiO2 ana- 
tase phase. Therefore, even though the (001) plane is observed by 
TEM, no corresponding diffraction peak can be exhibited by XRD. 
The XRD profile of the bare TiO, microspheres obtained by calcina- 
tion in air possesses the most narrow (101) peak with the average 
crystal size of 28 nm. 

The content and nature of carbon within the TiO2/C micro- 
spheres under different calcination conditions are investigated by 
TGA (Fig. 8b) and Raman spectroscopy (Fig. 8c). After calcination 
in argon at 500°C for 3h, around 8 wt% of carbon exists within 
the TiO2/C microspheres. By further treatment with heating in air 
at 300°C for 0.5h and 1.5h, the carbon content is decreased to 
4 wt% and 2 wt% respectively. The Raman spectroscopy data show 
clear D band and G band within the TiO2/C microspheres with 8 wt 
% of carbon, which indicates the presence of both disordered car- 
bon (D band) and graphite-like carbon (G band) originated from 
the decomposition of PS [58,59]. After further heat treatment in 
air at 300°C for 0.5h, only very weak D band and G band are 
observed because carbon is partially removed. 

The UV-Vis spectra study the light absorption behavior of the 
TiO2 microspheres with different carbon contents (Fig. 8d). With 


200 mm 


(g) 


Fig. 7. TEM (a, c, e, g, and i) and HRTEM (b, d, f, h, and j) images of the TiO2/PS microspheres and TiO2/C hybrid microspheres. Sample details: (a, b) as-prepared TiO2/PS 
microspheres, (c, d) calcination in argon for 3 h at 500 °C, (e, f) tandem calcination in argon for 3 h at 500 °C and in air for 0.5 h at 300 °C, (g, h) tandem calcination in argon for 
3 h at 500 °C and in air for 1.5 h at 300 °C, and (i, j) calcination in air for 3 h at 500 °C. Inset in image i: magnified image of the TiO2 microsphere; insets in image b, d, f, h, and j: 
selected area electron diffraction (SAED) patterns. Scale bars in image a, c, e, g, and i: 200 nm, scale bars in image b, d, f, h, and j: 10 nm. 


8 wt% of carbon, significant visible light absorption is observed due 
to the presence of decent amount of carbon. With the carbon con- 
tent reduced to 4 wt% and 2 wt.%, absorption in the visible light 
range is still present with the absorption threshold at 454nm 
and 402 nm respectively [60]. It is important to note that the bare 
TiO microspheres do not exhibit meaningful absorption in the vis- 
ible light range with the absorption threshold at 397 nm. 

The XPS experiment is applied to examine carbon doping within 
the TiO2/C microspheres (Fig. 9). To make a comparison, both, the 
bare TiO, microspheres (0 wt% of carbon, calcination in air) and 
TiO2/carbon microspheres (8 wt% of carbon, calcination in argon) 
are measured by XPS with the same protocol. The high resolution 
and survey profiles of Ti2p, O1s, and C1s of both bare TiO, and 
TiO2/C microspheres show very similar results. The peaks located 
at 458.6 eV and 464.3 eV correspond to the binding energies of Ti 
2p3/2 and Ti 2p1/2 (Fig. 9a), indicating the presence of Ti** in 
TiO2. Furthermore, the existence of the symmetric Ti 2p peaks 
implies the formation of stoichiometric TiO, without defects [61]. 
Regarding the O1s profile, peaks located at 529.9 eV and 531.2 eV 
are presented (Fig. 9b), which are ascribed to the Ti-O bond (lattice 
oxygen) and possible hydroxyl group adsorbed on the TiO2 surface 
[59]. The Cis profiles of both bare TiO» and TiO2/C microspheres 
exhibit similar patterns, where a primary peak is located at 
284.8 eV. The presence of carbon on the bare TiO} microsphere is 
ascribed to the adventitious carbon adsorbed on the TiO, surface. 


Because the Cls peak of the graphite-like carbon located at 
285.0 eV may overlap with the peak at 284.8 eV, it is hard to distin- 
guish the existence of the graphite-like carbon within the Ti02/C 
hybrids by analyzing this major peak. However, a very small peak 
located at 290.9 eV may indicate the presence of graphite-like car- 
bon within the TiO2/C microspheres [61]. The absence of the peak 
located at 282.0 eV indicates that no carbon substitutes oxygen in 
the TiO, lattice to form Ti-C bond [62]. By combing the color 
change phenomenon (Fig. S4), Raman, UV-Vis, and XPS results, it 
is reasonable to conclude that the doped carbon may be homoge- 
neously distributed in the interstitial sites of the TiO% lattice [60]. 

The pore size distribution, pore volume, and Brunauer-Emmet 
t-Teller (BET) surface area of the TiO, microspheres with different 
carbon contents are further characterized (Fig. 10). The Ti02/C 
microspheres obtained by calcination in argon exhibit a bimodal 
pore size distribution with the pore sizes of 50 nm and 110 nm 
respectively (Fig. 10a). When further heating treatment in air is 
applied, the pores with the size of 50 nm disappear and only the 
pores with the size of 110 nm are left. It is reasonable to conclude 
that the pores of 50 nm originate from the in situ formed carbon; 
while the pores of 110nm can be ascribed to the voids among 
the TiO nanoparticles. Compared to TiO2/C, the bare TiO micro- 
spheres only show very small portion of pores due to the complete 
removal of PS and significant densification of the TiO} nanoparti- 
cles. The bare TiO, microspheres exhibit a low pore volume of 
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Fig. 8. XRD (a), TGA (b), Raman (c), and UV-Vis (d) spectra of the TiO2/C hybrid microspheres. Sample details: blue (as-prepared TiO2/PS microspheres), black (calcination in 
argon for 3 h at 500 °C), red (tandem calcination in argon for 3 h at 500 °C and in air for 0.5 h at 300 °C), green (tandem calcination in argon for 3 h at 500 °C and in air for 1.5h 
ẹ at 300 °C), and purple (calcination in air for 3 h at 500 °C). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this 


article.) 


0.02 m?/g, while the TiO2/C microspheres obtained by calcination 
in argon possess the pore volume of around 0.18 m?/g (Fig. 10b). 
= The BET surface area of the TiO2/C microspheres is 130 m?/g, which 
is slightly decreased to 90 m?/g and 70 m?/g after further heating 
treatment in air. Compared to the TiO2/C microspheres, the bare 
TiO. microspheres only have a very low BET surface area of 
12 m?/g (Fig. 10c). It is worth pointing out that it is common to pre- 
sent individual data point of the specific surface area without error 
bars [6,63,64]. Furthermore, because the composite after calcina- 
tion is very homogeneous, it is reasonable to assume that the struc- 
ture inhomogeneity within the bulk is minimized as shown in the 
low magnification SEM image (Fig. S5). Therefore, based on the 
above considerations, it can be concluded that the specific surface 
area data exhibited by Fig. 10c is representative. 

Small angle X-ray scattering (SAXS) is further applied to inves- 
tigate the characteristic structures within the TiO2/C nanohybrids. 
The SAXS data provide average structure information within the 
bulk in a statistical way [65-67]. Based on the SAXS data 
(Fig. 11), the existence of the small TiO2 nanoparticles is confirmed. 
According to the fitting model, the derived average particle size 
within the sample calcined in argon is ca. 6.4 nm, which originates 
from the primary TiO, particles. Regarding the samples with fur- 
ther heat treatment in air following calcination in argon, the aver- 
age sizes of the primary particles are slightly increased to around 
7.6 nm. However, the average particle size within the TiO micro- 
spheres calcined in air is slightly decreased to 5.4nm, which is 
supposed to be due to the densification process of the titania spe- 
cies during calcination. 

The application of the TiO, microspheres as photo catalyst for 
water splitting has been demonstrated under full spectrum 


(Fig. 12a) and visible light illumination (Fig. 12b). Compared to 
the commercial P25 TiO nanoparticles (dark cyan), the bare TiO2 
microspheres show moderate photo catalysis performance (pur- 
ple). It is supposed to be the consequence of low specific surface 
area and lack of heterojunction due to the existence of pure ana- 
tase [68]. With 2 wt% of carbon, the TiO2/C microspheres exhibit 
enhanced photo catalytic performance (green). It is impressive that 
the performance is even superior to the commercial P25 consider- 
ing that no highly active heterojunction existing in the Ti02/C 
microspheres. The improved property originates from the com- 
bined effects of increased specific surface area and pore volume, 
improved crystallization, existence of high active (001) crystal 
plane, and enhanced light absorption [55,68]. With further 
increased carbon content to 4 wt%, the photo catalytic performance 
starts to decrease (red). The TiO2/C microspheres with 8 wt% of car- 
bon show the lowest hydrogen conversion efficiency (black). The 
excessive amount of carbon not only blocks the absorption of light 
by TiO», but also inhibits the transportation of electrons and holes 
from TiO» to water [69,70]. Therefore, an optimized carbon content 
value exists regarding the photo catalytic performance. Further- 
more, the bare TiO} microspheres exhibit negligible photo catalytic 
performance under visible light illumination due to very weak vis- 
ible light absorption as confirmed by UV-Vis (dark, Fig. 12b). With 
slightly increased carbon content to 2 wt% (green), distinct visible 
light the catalytic performance is observed due to increased speci- 
fic surface area and pore volume, existence of high active (001) 
crystal plane, and enhanced visible light absorption. But with fur- 
ther increasing carbon content to 4 wt% (red), the efficiency is 
inversely decreased. With the carbon content of 8 wt% (black), neg- 
ligible visible light catalytic performance is observed again. The 
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Fig. 9. XPS spectra of the TiO2/C hybrid microspheres and bare TiO} microspheres (a: Ti2p, b: O1s, c: C1s and d: survey). TiO2/C microspheres: calcination in argon for 3 h at 
500 °C (with 8 wt% of carbon by mass). Bare TiO2 microspheres: calcination in air for 3 h at 500 °C (0 wt% of carbon by mass). Dotted lines in image b: Gaussian fitting curves. 
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Fig. 10. Pore size distribution (a), N2 sorption isotherm (b), and BET surface area (c) of the TiO2/C hybrid microspheres. Sample details: black (calcination in argon for 3 h at 
500 °C, 8 wt% of carbon by mass), red (tandem calcination in argon for 3 h at 500 °C and in air for 0.5 h at 300 °C, 4 wt% of carbon by mass), green (tandem calcination in argon 
for 3 h at 500 °C and in air for 1.5 h at 300 °C, 2 wt% of carbon by mass), and purple (calcination in air for 3 h at 500 °C, 0 wt% of carbon by mass). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 11. Integrated SAXS data (points) with model fits (lines) of the TiO2/C hybrid 
microspheres. Sample details: black (calcination in argon for 3 h at 500 °C, 8 wt% of 
carbon by mass), red (tandem calcination in argon for 3 h at 500 °C and in air for 
0.5 h at 300 °C, 4 wt% of carbon by mass), green (tandem calcination in argon for 3 h 
at 500°C and in air for 1.5h at 300°C, 2 wt% of carbon by mass), and purple 
(calcination in air for 3 h at 500 °C, 0 wt% of carbon by mass). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 


results imply that the excessive amount of carbon also significantly 
‘inhibits the photo catalysis process under visible light illumina- 

tion. According to the photoluminescence spectroscopy (Fig. S6), 
» all of the four samples exhibit similar photoluminescence patterns. 
It implies that the incorporation of carbon does not modify the 
principle photoluminescence mechanism of the TiO. significantly. 
The multiple peaks by Gaussian fitting indicate that the peaks 
are located at 460 nm, 486 nm, 499 nm, 529nm, 541 nm, and 
618 nm. While the peak located at 499 nm is ascribed to the state 
transition within the TiO; lattice, the emission at 460 nm, 486 nm, 
529 nm, 541 nm, and 618 nm are related to the oxygen vacancies 
of the TiO» [71,72]. Besides the position of the peaks, the intensities 
of the photoluminescence vary with respect to the carbon content. 
¥ The bare TiO, microspheres exhibit the strongest photolumines- 
cence because the absence of carbon effectively limits the energy 
dissipation from the excited states. It agrees well with the negligi- 
ble photo catalytic performance of the bare TiO2 microspheres. 
With incorporation of carbon, the intensity of the photolumines- 
cence is decreased because the carbon matrix acts as a potential 
energy dissipation medium for the excited states of TiO2. Neverthe- 
less, the relative high photoluminescence of the TiO2/C hybrid 
microspheres containing 2 wt% of carbon compared to other 
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TiO2/C samples implies that the superior outstanding photo cat- 
alytic performance may originate from the high specific surface 
area and enhanced light absorption. It is not only determined by 
the intrinsic charge separation process. 

Besides acting as photo catalyst in the water splitting experi- 
ment, the application of the TiO, microspheres as lithium-ion bat- 
tery anode has also been investigated. The discharge/charge curves 
at 0.2 C (1 C=335 mAh/g) of the TiO, microspheres and TiO2/C 
hybrid microspheres are displayed in Fig. 13. Because the carbon 
content is varied among the samples, the discharge/charge voltage 
range is set between 3 V and 0.005 V to count the contribution 
from the carbon as well. Compared to the initial discharge capacity 
of the bare TiO microspheres (170 mAh/g, Fig. 13a), the initial dis- 
charge capacity of the TiO2/C microsphere with 8 wt% of carbon is 
more than doubled to 381 mAh/g (Fig. 13b). With decreasing car- 
bon content, the initial discharge capacity is slightly reduced to 
300 mAh/g (4 wt% of carbon, Fig. 13c) and 234 mAh/g (2 wt% of 
carbon, Fig. 13d). While the initial charge capacity of the bare 
TiO microsphere is only 85 mAh/g, the initial charge capacity of 
the TiO2/C hybrid microspheres with 8 wt% of carbon is almost 
two and a half times of the TiO microsphere (204 mAh/g). The ini- 
tial charge capacities of the TiO2/C microspheres with decreased 
carbon content are 156 mAh/g (4 wt% of carbon) and 127 mAh/g 
(2 wt% of carbon) respectively. Compared to the initial coulombic 
efficiency of bare TiO microspheres (50%), the coulombic efficien- 
cies of the TiO2/C hybrid microspheres are slightly improved (from 
52% to 54%). The second discharge/charge capacities of the TiO 
microsphere are decreased to 81 mAh/g. But the second dis- 
charge/charge capacities of the TiO2/C microspheres with 8 wt% 
of carbon are still 237 mAh/g and 207 mAh/g respectively. Corre- 
spondingly, the TiO2/C microspheres with 4 wt% and 2 wt% of car- 
bon still exhibit better performance than the bare TiO, 
microspheres. The fifth discharge/charge capacities of both the 
TiO and TiOz/C microspheres do not change significantly with 
respect to each 2nd cycle. Even though the 50th discharge/charge 
capacities of the TiO microspheres are slightly increased to 
100 mAh/g, the 50th discharge/charge capacities of the TiO2/C 
microspheres with 8 wt% of carbon are still two times of the TiO2 
spheres (ca. 200 mAh/g). The TiO3/C microspheres with 4 wt% of 
carbon show slightly better capacities than the bare TiO2; while 
the TiO2/C microspheres with 2 wt% of carbon exhibit similar 
Capacities to the bare TiO. It is also found that along with 
increased cycles, the discharge plateau of TiO2 is gradually weak- 
ened, which is confirmed by the cyclic voltammetry test (Fig. 14). 
The cyclic voltammetry test indicates the formation of solid elec- 
trolyte interface (SEI) during the first cycle. Besides, the anodic 
peak of TiO is dramatically weakened after the first cycle. It 
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Fig. 12. Hydrogen evolution curves under UV (a) and visible light (UV cut at 420 nm, b) using the TiO2/C hybrid microspheres as photo catalysts. Sample details are for black 
(calcination in argon for 3 h at 500 °C, 8 wt% of carbon by mass), red (tandem calcination in argon for 3 h at 500 °C and in air for 0.5 h at 300 °C, 4 wt% of carbon by mass), 
green (tandem calcination in argon for 3 h at 500 °C and in air for 1.5 h at 300 °C, 2 wt% of carbon by mass), purple (calcination in air for 3 h at 500 °C, 0 wt% of carbon by 
mass), and dark cyan (commercial P25 TiO, nanoparticles). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this 


article.) 
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Fig. 13. Discharge-charge curves of the TiO2 (a) and TiO2/C (b, c, and d) hybrid microspheres as lithium-ion battery anodes. Sample details are a: (calcination in air for 3 h at 
500 °C, 0 wt% of carbon by mass), b: (calcination in argon for 3 h at 500 °C, 8 wt% of carbon by mass), c: (tandem calcination in argon for 3 h at 500 °C and in air for 0.5 h at 
300 °C, 4 wt% of carbon by mass), and d: (tandem calcination in argon for 3 h at 500 °C and in air for 1.5 h at 300 °C, 2 wt% of carbon by mass). 
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Fig. 14. Cyclic voltammetry profiles of the TiO2/C hybrid microspheres as lithium-ion battery anodes with different carbon contents. Sample details are a: (calcination in 
argon for 3 h at 500 °C, 8 wt% of carbon by mass), b: (tandem calcination in argon for 3 h at 500 °C and in air for 0.5 h at 300 °C, 4 wt% of carbon by mass), c: (tandem 
calcination in argon for 3 h at 500 °C and in air for 1.5 h at 300 °C, 2 wt% of carbon by mass), and d: (calcination in air for 3 h at 500 °C, 0 wt% of carbon by mass). 


implies that the structure/crystallinity of TiO have been modified 
after cycling test. The discharge/charge results indicate that the 
Capacities are increased with increasing amount of carbon. Consid- 
ering that the capacity is more than doubled with only 8 wt% of 
carbon, it is reasonable to say that the increased capacity is not 


only contributed by the carbon itself, but also from the TiO, 
[26,73,74]. The presence of carbon effectively improves the electro- 
chemical property of the TiO nanoparticles. On the one hand, the 
specific surface area and pore volume of the TiO2/C microspheres 
are dramatically increased compared to the bare TiO} micro- 


spheres. On the other hand, the existence of carbon is supposed to 
improve the electron conductivity of TiO2, leading to better elec- 
trochemical kinetics than the bare TiO}. Compared to the reported 
electrochemical performance of the TiO} LIB anode, the capacity is 
lower in the voltage range between 3.0 V and 1.0 V [75]. It indi- 
cates that only partial lithiation of TiO happens during the dis- 
charging process. It is probably due to the fact that no 
anisotropic low-dimensional TiO nanostructures are present in 
the hybrid microspheres. Instead, only solid TiO2 nanoparticles 
exist, which may lead to inferior lithiation/delithiation kinetics. 
Furthermore, there is no essential porosity within the TiO2 frame- 
work, which also limits the electrochemical performance of TiO 
[1,75,76]. Fig. 15a to 15d exhibit the detailed cyclic performance 
of the TiO2/C hybrid microspheres with different carbon contents. 
The figures show that the TiO2/C microspheres with 8 wt% of car- 
bon possess the most stable cyclic performance compared to other 
samples. The results suggest the carbon matrix helps to stabilize 
the hierarchical structures and corresponding electrochemical 
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performance. The rate performance of the TiO2 and TiO2/C micro- 
spheres are exhibited in Fig. 15e. At different rates, the dis- 
charge/charge capacities of the TiO2/C microspheres are higher 
than the capacities of the bare TiO2 microspheres due to high 
specific surface area and improved electron conductivity. However, 
the difference is narrowed with increasing rate, which is almost 
minimized at 5 C (ca. 40 mAh/g). The capacities of the TiO2/C and 
TiO, microspheres are recovered to ca. 213 mAh/g and 137 mAh/ 
g at 0.1 C respectively, indicating a good structure stability of both 
the TiO, and TiO,/C microspheres during repeated charge and dis- 
charge processes. The electrochemical impedance spectroscopy 
(EIS) measurement shows that the TiO2/C hybrid anode possesses 
smaller charge transfer resistance compared to the bare TiOz anode 
(Fig. 16). Particularly, the TiO2/C anode with 8 wt% of carbon exhi- 
bits the smallest charge transfer resistance compared with the 
samples with lower carbon contents (4.6 Q vs. ca. 37 Q). The EIS 
results further prove that the TiO2/C hybrid anodes with higher 
carbon content exhibit better rate performance. 
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Fig. 15. Cyclic (a-d) and rate (e) performance of the TiO2/C hybrid microsphere lithium-ion battery anodes with different carbon contents. Figure details: image a & black 
symbols in image e (calcination in argon for 3 h at 500 °C, 8 wt% of carbon by mass), image b & red symbols in image e (tandem calcination in argon for 3 h at 500 °C and in air 
for 0.5 h at 300 °C, 4 wt% of carbon by mass), image c & green symbols in image e (tandem calcination in argon for 3 h at 500 °C and in air for 1.5 h at 300 °C, 2 wt% of carbon 
by mass), and image d & purple symbols in image e (calcination in air for 3 h at 500 °C, 0 wt% of carbon by mass). Open symbols: discharge, solid symbols: charge. Blue 
squares in image a-d: coulombic efficiency of each cycle. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this 


article.) 
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Fig. 16. Experimental (symbol) and fitted (line) electrochemical impedance spec- 
troscopy of the TiO2/C hybrid microspheres as lithium-ion battery anodes. Sample 
details are black (calcination in argon for 3 h at 500 °C, 8 wt% of carbon by mass), 
red (tandem calcination in argon for 3 h at 500 °C and in air for 0.5 h at 300 °C, 4 wt 
% of carbon by mass), green (tandem calcination in argon for 3 h at 500 °C and in air 
for 1.5 h at 300 °C, 2 wt% of carbon by mass), and purple (calcination in air for 3 h at 
500 °C, 0 wt% of carbon by mass). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 


4. Conclusions 


A new strategy to the solvothermal synthesis of hierarchical 
porous TiO2/C hybrid microspheres has been developed. Unlike 
conventional hydrophilic polymer templating agent, the in situ 
formed hydrophobic polystyrene colloids are employed as a tem- 
plating agent and carbon source in this work. It circumvents the 
pre-synthesis of well-defined polystyrene beads and two-phase 
templating reaction process. The carbon content is systematically 
tuned between 0 wt.% and 8 wt% by modifying the calcination pro- 
tocol. Enhanced visible light absorption is achieved with the incor- 
poration of carbon within the TiO, microspheres. Significantly 
increased specific surface area and pore volume portion are also 
observed in the TiO2/C microspheres. The TiO2/C microspheres 
with 2 wt% of carbon exhibit outstanding photo catalytic perfor- 
mance under full spectrum and visible light illumination, which 
is superior to the commercial P25 TiO nanoparticles [13]. It is 
the combined effects of increased surface area and pore volume, 
improved crystallization, existence of high active (001) crystal 
plane, and enhanced light absorption. Besides the photo catalytic 
water splitting experiment, the lithium-ion battery test shows that 
the TiO2/C hybrid microsphere anodes exhibit better performance 
compared to the bare TiO2 microspheres due to increased surface 
area and improved electron conductivity from the in situ formed 
carbon [73]. 

The results reported in this work prove the new concept that 
hydrophobic polymers can also be utilized as a templating agent 
to synthesize hierarchical TiO2 microspheres via the in situ formed 
PS colloid process. It has greatly expanded the scope of the poten- 
tial templating systems for the synthesis of inorganic functional 
materials. Future studies on the templating capability of different 
hydrophobic templating polymers, synthesis and application of 
other inorganic functional materials are in progress and will be 
addressed in future publications. 
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